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Objectives. The goal of the present study was to examine whether Acceptable Noise Levels (ANLs) would be lower (greater 
acceptance of noise) in binaural listening than in monaural listening condition and also whether meaningfulness of 
backgroimd speech noise would affect ANLs for directional microphone hearing aid users. In addition, any relationships 
between the individual binaural benefits on ANLs and the individuals' demographic information were investigated. 

Methods. Fourteen hearing aid users (mean age, 64 years) participated for experimental testing. For the ANL calculation, 
listeners' most comfortable listening levels and backgroxind noise level were measured. Using Korean ANL material, 
ANLs of all participants were evaluated under monaural and binaural amplification with a counterbalanced order. 
The ANLs were also compared across five types of competing speech noises, consisting of 1- through 8-talker back- 
ground speech maskers. Seven young normal-hearing listeners (mean age, 27 years) participated for the same mea- 
surements as a pilot testing. 

Results. The results demonstrated that directional hearing aid users accepted more noise (lower ANLs) with binaural ampli- 
fication than with monaural amplification, regardless of the type of competing speech. AVhen the background speech 
noise became more meaningful, hearing-impaired listeners accepted less amount of noise (higher ANLs), revealing 
that ANL is dependent on the intelligibility of the competing speech. The individuals' binaural advantages in ANLs 
were significantly greater for the listeners with longer experience of hearing aids, yet not related to their age or hear- 
ing thresholds. 

Conclusion. Binaural directional microphone processing allowed hearing aid users to accept a greater amount of back- 
ground noise, which may in turn improve listeners' hearing aid success. Informational masking substantially influ- 
enced background noise acceptance. Given a significant association between ANLs and duration of hearing aid usage, 
ANL measurement can be useful for clinical counseling of binaural hearing aid candidates or unsuccessful users. 

KEywoids. Acceptable noise level, Binaural amplification, Directional microphone hearing aids 



INTRODUCTION 

A major problem for most hearing aid users is understanding 
speech in background noise. Conventional speech recognition 
testing in quiet has been frequently used as a part of pre-fitting 
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hearing aid test battery, although there is little evidence of the 
effectiveness in predicting hearing aid outcomes [1]. A longitudi- 
nal study of hearing aid effectiveness by Bentler et al. [2] also 
found a weak relationship between speech recognition scores 
and self-assessed communication performance. Unlike the mea- 
surement of the ability to repeat the target speech presented in 
noise, namely speech-in-noise test. Acceptable Noise Level 
(ANL) testing was developed to quantify an individual's allow- 
able signal-to-noise ratio when listening to and following a tar- 
get story in babble noise [3]. The previous studies have shown 
that the individual ANLs were more indicative of successful 
hearing aid use whereas speech perception measures failed to 
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accurately predict the hearing aid success [3,4]. In an earlier 
study with a large sample size (n=191), the ANLs obtained 
without hearing aids were effective to predict success of 84.8% 
accuracy for the hearing aid users [4]. Since the individuals with 
lower ANLs (greater acceptance of background noise) were 
more likely to become successful hearing aid users than listeners 
with higher ANLs, an importance of ANL measure has been 
emphasized for clinical purpose. 

Research has shown that the ANL remains relatively consis- 
tent over time, and is not influenced by listeners' age, hearing 
sensitivity, gender, or speech perception in noise performance 
[3-6]. Freyaldenhoven et al. [7] investigated the effects of mon- 
aural and binaural amplification on ANLs of the 39 binaural 
hearing aid users. The results showed that the ANL differences 
between monaural and binaural amplification did not reach sta- 
tistical difference. Since the basic concept that binaural amplifi- 
cation provides binaural summation, binaural squelch, and bin- 
aural redundancy as well as eliminates the head shadow effects 
and deprivation of the unaided ear has been numerously re- 
ported [8], the finding of Freyaldenhoven et al. [7] appears 
somewhat contradictory. 

Then, in the study of Freyaldenhoven et al. [7], what would 
make a non-significant difference between monaural and binau- 
ral amplification despite a well-documented strong binaural ad- 
vantage? One of the possible hypotheses is the type of micro- 
phone for hearing aids. All the 39 listeners in Freyaldenhoven et 
al. [7] used omnidirectional mode for their hearing aids al- 
though another ANL study of Freyaldenhoven et al. [9] reported 
directional benefit to the noise acceptance. Numerous previous 
studies on the binaural advantage for hearing-impaired listeners 
have confirmed that the binaural and directional microphone 
advantages are additive [10-12]. Homsby and Ricketts [12] di- 
rectly compared sentence recognition thresholds of sixteen 
hearing aid users using symmetric and asymmetric directional 
hearing aid fittings, and found that binaural processing with di- 
rectional mode maximized the speech understanding in noise. 
Given the additive binaural and directional benefits for speech 
recognition in noise, the present study compared ANL values 
between monaural and binaural amplification for directional 
microphone hearing aid users. 

One of the important issues in the ANL studies would be a 
lack of studies that focused on the meaningfulness of back- 
ground speech. In the original ANL study [3], ANLs were com- 
pared across five different noise stimuli such as babble, speech 
spectrum, traffic, drill, and music noise. Although similar ANL 
results were obtained from those different noises, the meaning- 
fulness of speech masker has not been focused in this study. The 
follow-up ANL studies have mostly presented 8-talker babble 
noise as the only background noise. In this babble noise, infor- 
mation of speech masker is rarely understood, as well as the 
temporal fluctuations in the signal are substantially reduced 
than what is observed from a single-talker noise. Considering 



this limitation, some recent studies in Korea have varied the 
number of competing talkers as background noise of ANL mea- 
sure [13,14]. Those studies consistently found that the ANLs 
were strongly affected by the meaningfulness of competing 
speech in normal-hearing listeners [13] as well as cochlear im- 
plant (CI) users [14]. As the hearing-impaired users are known 
to be greatly affected by informational masking [15,16], the ef- 
fects of informational masking from competing talkers should 
be also examined in the ANLs of hearing-impaired listeners. 
Thus, we also addressed the question of whether the ANLs of 
hearing aid users would be influenced by the meaningfulness of 
background speech noise. 

In summary, the current study aimed to explore whether a 
greater acceptance of noise (lower ANL values) would be mea- 
sured in binaural hearing than in monaural hearing for direc- 
tional microphone hearing aid users. The relative binaural bene- 
fits were also determined as a function of the number of the 
competing talkers to examine whether the meaningfulness of 
speech noise would negatively affect the ANLs of hearing-im- 
paired listeners. In addition, we determined which demographic 
variables would better predict the individual ANLs. 



IVIATERIALS AND IVIETHODS 

Participants 

Seven young normal-hearing listeners participated for a pilot 
testing, and fourteen binaural hearing aid users participated for 
an experimental testing. All the seven young normal-hearing lis- 
teners (mean age, 27 years; range, 24 to 29 years; 2 males, 5 fe- 
males) had thresholds of 15 dB HL or better in the frequencies 
from 250 Hz to 8,000 Hz at the octave scale. Fourteen listeners 
with sensorineural hearing loss (7 males and 7 females) between 
32 and 84 years (mean age, 64 years) had unaided pure-tone 
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Fig. 1. Comparison of mean hearing thresholds (error bars, standard 
deviation) from 250 to 8,000 Hz at the octave scale between right 
and left ears. 
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Table 1. Demographic information of 14 fiearing-impaired listeners 
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R, right ear; L, left; ANL, Acceptable Noise Level; ITE, in-the-ear hearing aid; RIE, receiver-in-the-ear hearing aid; BTE, behind-the-ear hearing 
aid; NAL-NL1, National Acoustic Laboratories' nonlinear fitting procedure, version! 



threshold average (PTA) across 500, 1,000, 2,000 Hz of 54.1 dB 
HL. All the hearing-impaired listeners were recruited from Soree 
Ear Clinic, from March to December 2010, and were agreed 
with research participation prior to the experimental testing. 

Fig. 1 displays symmetric hearing loss of 14 hearing-impaired 
listeners by plotting each ear's unaided hearing thresholds. The 
criteria for binaural hearing aid users include duration of hear- 
ing aid usage more than one month. All the participants used 
multichannel digital hearing aids. Table 1 details the listeners' 
age, gender, and other information of the hearing aids with di- 
rectional microphone. To select the test ear for monaural ampli- 
fication, the ear which has used hearing aid longer was selected. 
If both ears have the same duration of hearing aid experience, 
the right ear was chosen for the monaural testing. The hearing 
aids were fitted to best meet their preference and needs, and 
were not adjusted for the purpose of this study. 

Stimuli 

For the ANL measurement, two target stories (one male and 
one female) and five types of competing speech maskers (1- 
male, 1-female, 2-, 4-, and 8-talker speech masker) recorded in 
the previous study [13] were used. Here, the 2-, 4-, and 8-talker 
speech maskers were derived from the same number of male or 
female talkers. When the target and competing speech materials 
were recorded in the previous study [13], the average root- 
mean-squared (RMS) values of all speech materials were con- 
trolled via Adobe Audition ver 3.0 (Adobe Systems Incorporat- 
ed, San Jose, CA, USA) to equalize the overall intensity. 



Procedure and equipment 

The ANL testing was administered according to the procedure 
described in the earhest study [3] as follows. Before the experi- 
mental testing, all the listeners were given oral and written in- 
structions on how to signal the examiner to increase or decrease 
the intensity of the signal. The starting level for determining the 
most comfortable listening level (MCL) was 30 dB HL, and the 
intensity of target story was adjusted in 5 dB steps and 2 dB 
steps for exploring listeners' listening range first and then finally 
selecting the loudness level that is most comfortable to each 
participant, respectively. When the Hsteners' MCL was estab- 
Hshed, the target story continued to be presented at MCL and 
then the background noise was turned on. Finally, the listener 
was asked to report the maximum or highest level at which the 
background noise was still accepted or tolerable, called the 
background noise listening level (BNL).The ANL is the differ- 
ence between the MCL and the BNL, being expressed in dB. 
Given this procedure, the lower ANL represents a higher accep- 
tance of background noise. 

The ANL evaluation was performed in both monaural and 
binaural amplification. To avoid any learning or fatigue effect, 
the order of testing was randomized for the Ustening condition 
and the 5 competing speech maskers, yet each of them present- 
ed once. The ANL material was presented by MP3 player (iAu- 
dio 9, Cowon, Seoul, Korea) and routed through an audiometer 
(Orbiter 922, ON Otometrics, Copenhagen, Denmark). Both 
speech and noise stimuli were presented through sound-field 
loudspeaker (R-300, InterM, Yangju, Korea) located at 0 degrees 
azimuth nearly 1 m from the participant. The output levels of 
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the target and background speech were caKbrated using sound 
level meter (Type 2150L, Briiel and Kjeer, Skodsborgvej, Den- 
mark) in order to present each signal at 65 dB sound pressure 
level. The output level was periodically checked by the experi- 
menter during testing. 

Analysis 

Statistical analyses were conducted using SPSS ver. 18.0 (SPSS 
Inc., Chicago, IL, USA). Two independent variables were listen- 
ing condition (monaural, binaural) and the number of compet- 
ing talkers (1-male, 1-female, 2-, 4-, and 8-talker). Dependant 
variable was ANL value of each participant. With the variables 
above, a two-way analysis of variance (ANOVA) with repeated 
measures was executed. Bonferroni post-hoc analyses were also 
performed as multiple comparison testing. To further examine 
the relationship between the ANLs and participants' demo- 
graphic information such as age, hearing threshold, duration of 
hearing aid usage, Pearson correlation analyses were conducted. 

Pilot testing 

In the pilot testing, seven young normal-hearing adults were 
tested in order to compare the present and previous data [13]. 
Results showed that the average ANL of young adults in the 
present study (n=7) was 7.7 dB when collapsed across five 
speech maskers (range, 5 to 10 dB).The mean ANL of 20 young 
adults in the previous study [13] was 9.9 dB across five speech 
maskers (range, 8 to 12 dB). Results of independent t-test re- 
vealed no significant difference (P>0.05) in listeners' ages and 
ANLs between two studies, verifying the correct procedure and 
instruction for the ANL testing. 
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Fig. 2. Comparison of the mean Acceptable Noise Levels (ANLs) 
(error bars, standard deviation) of 14 fiearing-impaired listeners ob- 
tained witfi monaural and binaural amplification for five different 
speech maskers. 1-M, one-male; 1-F, one-female; 2, 2-talker; 4, 
4-talker; 8, 8-talker maskers; Avg, averaged across five speech 
maskers. 



the number of competing talkers. Results showed that there 
were no significant ANL differences between 1-male and 1-fe- 
male speech maskers, and also between 4- and 8-talker maskers. 
All the rest of other comparisons revealed significant ANL dif- 
ferences (ANLs with 1-male or 1-female > ANLs with 2-talker 
> ANLs with 4-talker or 8-talker noise). The interaction be- 
tween two variables was not significant (P>0.05), meaning that 
the binaural advantages to tolerate noise appeared to be signifi- 
cant, regardless of the noise type. 



RESULTS 

Group data 

The present study investigated the effects of listening condition 
and the number of competing talkers on the ANL of 14 hearing 
aid users. Overall results are plotted in Fig. 2. In general, the av- 
erage ANLs were 9.23 and 7.67 dB for monaural and binaural 
amplification, collapsed across five different speech maskers, as 
shown at the far right of Fig. 2. The mean ANLs for 1-male, 1-fe- 
male, 2-, 4-, 8-talker maskers were 10.8, 10.6, 9.0, 8.5, and 7.3 
dB in monaural Kstening condition, and were 8.9, 9.1, 7.6, 6.5, 
and 6.1 dB with binaural amplification. A two-way ANOVA 
with repeated measures was carried out to investigate the effects 
of two variables on ANLs. Results indicated a greater amount of 
noise acceptance (lower ANL) with binaural amplification than 
with monaural amplification (P<0.01). Noise acceptance be- 
came significantly poorer with smaller number of competing 
talkers than with multitalker noise such as babble (P<0.01). 
Bonferroni-adjusted multiple paired-comparisons were conduct- 
ed to determine which comparisons made a significant effect of 



Individual data 

When collapsed across five noise types, 11 listeners out of 14 
listeners accepted more noise with binaural amplification than 
with monaural amplification. Here, the present study confirmed 
how many subjects had low- and high- ANL based on the crite- 
ria of Nabelek et al. [4]. According to their findings, the ANL 
values are categorized into three levels such as low-, mid-, and 
high- ANLs. Individuals who have low ANLs (6 dB or lower) can 
tolerate background noise more, thus being generally successful 
hearing aid users. In contrast, individuals who have high ANLs 
(14 dB or greater) poorly accept the background noise, thus be- 
ing generally unsuccessful hearing aid users. People with mid 
ANLs (7-13 dB) may or may not be successful with hearing 
aids. In Fig. 3, the individual and mean ANLs are separately 
plotted for each of the five speech maskers. Here, the dashed 
lines show 6-dB and 14-dB ANLs to visualize better who had 
low and high ANLs, respectively. When the number of compet- 
ing talker was increased from 1 to 8, the number of participants 
showing high ANLs decreased, yet the number of participants 
showing low ANLs increased. Especially with 8-talker babble. 
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Fig. 3. Comparison of individual and mean Acceptable Noise Levels 
(ANLs) of 14 fiearing-impaired listeners (error bars, standard devia- 
tion) obtained witfi monaural and binaural amplification for each of 
the five different speech maskers (A: 1-M, one-male; B: 1-F, one-fe- 
male; C: 2-talker maskers; D: 4-talker maskers; E: 8-talker maskers; 
Avg, averaged across five speech maskers). The dashed lines at 
6-dB and 14-dB ANLs represent low- and high-ANL, respectively. 



no subject showed high ANLs, yet 9 out of 14 subjects had low 
ANLs for either monaural or binaural condition or for both, 
meaning that more participants became tolerant to background 
babble noise. Another finding was that some subjects had rela- 
tively greater binaural benefits while some showed relatively 
smaller change in ANLs between binaural and monaural ampli- 



fications. For example, some subjects (SI, S3, S9, Sll, S13, and 
S14) consistently showed the binaural benefit in ANLs across all 
the conditions, whereas binaural benefits of some subjects (S2, 
S4, S6, S8, SIO, and S12) appeared inconsistent across the con- 
ditions. Interestingly, two subjects (S5, S7) showed binaural dis- 
advantages in accepting noise across most of noise conditions. 
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Given the individual variability in the amount of binaural 
ANL benefits, we calculated each individual's binaural benefit 
by subtracting binaural ANL from monaural ANL (monaural 
ANL-binaural ANL). Pearson correlation analysis was then con- 
ducted to examine the relationship between individual binaural 
benefits and demographic information such as listeners' age, 
hearing aid usage, and aided hearing thresholds. Results showed 
that the individual binaural benefits were significantly related to 
hearing aid usage (correlation coefficient r, 0.56; P<0.05), but 
not related to age or aided hearing thresholds (P>0.05) similar 
to the previous findings [3-5]. This indicates that the longer the 
use of hearing aids, the larger the amount of binaural benefit, 
regardless of Listeners' age or hearing sensitivity. 

DISCUSSION 

Although ANL appears to be a quick, cKnician-friendly proce- 
dure to measure directional microphone benefit [9], the ANLs 
with monaural versus binaural amplification were evaluated for 
only omnidirectional microphone users [7]. The previous study 
[7] in which all 39 listeners used omnidirectional microphone 
found no significant difference in ANL values between monau- 
ral and binaural amplification. 

In contrast to this, the present study demonstrated that a 
greater amount of noise could be accepted with binaural ampli- 
fication than with monaural amplification for directional micro- 
phone hearing aid users. Not only in the group data, when aver- 
aging the data of 5 speech maskers, 11 listeners out of 14 were 
wUKng to accept a higher level of background noise with binau- 
ral amplification than with monaural amplification. As one of 
the possible explanations on the contradictory findings between 
the current data of directional microphone users and the previ- 
ous data of omnidirectional microphone users would occur from 
the different frequency responses measured with omnidirection- 
al and directional modes [11]. Additionally, any additive binau- 
ral and directional benefits [10-12] would affect binaural use of 
directional microphone to accept the noise. In an earlier study 
the bilateral directional fitting was advantageous even when the 
moderately reverberant situation was reflected [12]. Also, listen- 
ers' acclimatization to directional hearing aids would influence 
individuals' noise acceptance given that the present data re- 
vealed a significant relationship between listeners' hearing aid 
usage and ANLs. 

The binaural amplification advantages have been confirmed 
primarily using subjective and objective recognition measures. 
An earlier research using subjective measure found that 27 of 
30 participants preferred to use binaural hearing aids because of 
improved speech clarity, better speech understanding in noise, 
and ease of listening [17]. In another study, the use of two hear- 
ing aids appeared to be advantageous to reduce listening efforts 
and to improve social competence and emotional well-being 



[18] when the degree of subjective binaural benefits was exam- 
ined through Speech, Spatial, and Qualities of Hearing scale 
(SSQ) [19]. The binaural benefit was also obtained from various 
objective measures such as speech recognition and localization 
[20,21]. Beyond the conventional objective and subjective mea- 
sures such as recognition or localization performance in the pre- 
vious studies, the present study directly measured the maximum 
amount of noise that each individual was willing to tolerate. 
Taken the present and earlier findings together, one could con- 
clude that the use of binaural directional-microphone amplifica- 
tion facilitates the abilities to tolerate noise as well as to under- 
stand speech in noise, at least when the signals are coming from 
the front. In most ANL studies including the present study, the 
signals were delivered through one loudspeaker located at 0 de- 
grees azimuth, meaning that the sounds were not presented 
from the side or the rear. Considering that sounds from the side 
and the rear are attenuated whereas the sounds from the front 
are preferred in a directional microphone [11,22], it is essential 
that further research be conducted on binaural advantages using 
various spatial sources. 

Another purpose of this study was to determine whether the 
ANLs would be strongly affected by meaningfulness of back- 
ground speech for hearing-impaired listeners. As described earli- 
er, most of the previous ANL research has used babble noise as 
the only background noise, considering the similar ANLs across 
five unintelligible noises in the original ANL study [3]. There are 
only a few ANL studies which have focused on the meaningful- 
ness of speech masker. Gordon-Hickey and Moore [23] used 
three types of speech maskers (intelligible, reversed, and unfa- 
miliar speech) and evaluated the ANLs of normal-hearing listen- 
ers. Results showed that the young hearers accepted more 
amount of reversed or unfamiliar speech noise than when the 
noise was intelligible, emphasizing a need of more research on 
the effects of noise type on ANLs. As follow-up research, two 
ANL studies in Korea [13,14] concerned the meaningfulness of 
speech masker to ANLs, and found that the ANLs were signifi- 
cantly affected by meaningfulness of competing speech for both 
normal-hearing listeners [13] and CI users [14]. The results of 
the present study also determined that the highest ANL was ob- 
tained from 1-taIker masker, suggesting that the least amount of 
noise was accepted when the masker speech was highly intelli- 
gible, thus, the most distracting or confusing. In contrast, the 
lowest ANL was obtained from 8-talker masker because 8-talker 
babble noise would be the least intelligible and less annoying, 
allowing more noise to be accepted. This supports the previous 
data that hearing impaired listeners are more susceptible to in- 
formational masking, possibly reflecting their peripheral and 
central processes [15,16]. Since the ANLs of CI users appear to 
be influenced by target-masker similarity [14] which is one of 
the robust factors affecting informational masking [24,25], more 
studies are needed to investigate how much the uncertainty or 
target-masker similarity would affect the ANLs. In addition. 
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considering that informational masking can be overcome by im- 
proving listeners' auditory attention toward the target story [26], 
more studies are required to focus on the efficacy of systematic 
auditory training to overcome negative impact of informational 
masking. If it turns out that auditory training substantially im- 
proves background noise acceptance like speech understanding 
in noise, then the auditory training should be considered espe- 
cially for high-ANL listeners. 

One of the limitations in this study is no comparison of sub- 
jective benefits between binaural and monaural amplification as 
well as no estimate of any relationships between ANLs and self- 
reports. Only limited research explored possible associations be- 
tween ANLs and subjective reports of hearing-impaired listen- 
ers. For example, when the ANLs of twenty postlingually-deaf- 
ened CI users were evaluated [27], the results revealed that the 
less ability of CI users to accept noise (higher ANLs) was signifi- 
cantly associated with greater difficulties perceived in real-life 
communication. This was true for another study of CI users [14] 
which revealed that CI users who could accept more noise actu- 
ally reported more improvement on sound quality with CI use. 
Besides the subjective reports, we should be cautious of subjec- 
tive preference to binaural versus monaural amplification. Some 
researchers [28] reported that binaural hearing was preferred 
when listening in quiet for most subjects, yet some listeners pre- 
ferred monaural listening in noise. Other studies also revealed 
that some listeners would be more susceptible to binaural inter- 
ference and thus, their speech recognition or localization in 
noise would be poorer with binaural hearing aids than with 
monaural device [29,30]. To answer the questions of whether 
binaural ANL advantages are related to subjective communica- 
tion abilities with binaural hearing aids or subjective preference 
to binaural amplification, future research is needed to investi- 
gate relationship among those variables for better clinical coun- 
seling or advice. 
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